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A biologically active compound, lanosol ethyl ether (LEE), was isolated from Osmundaria serrata and its antimicrobial activity was
determined against various terrestrial bacteria and fungi, and marine bacteria isolated from the surface of the seaweed. This is the first report of the
presence of a lanosol derivative in O. serrata. The mean bacteriostatic and fungistatic activity of LEE was 0.27±0.07 mg ml−1 and the mean
bactericidal and fungicidal activity was 0.69±0.15 mg ml−1. These values are comparable to the estimated concentration of LEE in the whole
plant of 0.20 mg ml−1. Extracts of O. serrata containing LEE also caused deformities in some bacteria that were tested. Biofilms cause the fouling
of surfaces in the marine environment. The use of paints containing highly toxic metals to control their growth are ecologically harmful.
Alternatives are required. The biofilm growing on the surface of this red seaweed was studied by light and scanning electron microscopy. A
diverse biofilm was seen on O. serrata with bacteria even seen close to the meristematic tips of the plant. Further work is required to determine
whether the concentration of the active compound in the tips is bactericidal.
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The red seaweed Osmundaria serrata (Suhr) R.E. Norris
(Figs. 1 and 2) grows attached to rocks and has been found
along the east coast of South Africa and the Maldive Islands
(Norris, 1991). It presumably also occurs in between these
localities, but is probably restricted to the warm tropical and
subtropical waters of the Indian Ocean since it does not occur in
the colder waters off the western and southern coasts of South
Africa. Macroalgae living on rocky shores have to tolerate high
sheer forces from wave action and abrasive sand particles in the
water. They also have to contend with herbivores and
potentially virulent microbiota and commonly use physical
and chemical means of protection. The crude extract of O.
serrata has good antimicrobial activity indicating the presence⁎ Corresponding author. Tel.: +27 12 420 2224.
E-mail address: marion@scientia.up.ac.za (J.J.M. Meyer).
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0254-6299/$ - see front matter © 2006 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2006.01.006of an active compound (Barreto, 2003). The antimicrobial
activity of the active compound isolated from O. serrata was
examined by growth studies using marine bacteria isolated from
its surface and terrestrial bacteria and fungi.
Extracts from this seaweed have been found to induce
deformities in fungi, where the culture characteristics of Verti-
cillium sp. and Rhizoctonia solani were altered with prolific
chlamydospore production observed in the latter (Barreto,
1995). Transmission electron microscopy (TEM) was used to
examine the effects of extracts of O. serrata on the morphology
of certain bacteria.
The fouling of all submerged surfaces in the marine
environment develops from the initial adsorption of macro-
molecules and bacteria. Other microorganisms and macro-
organisms may then succeed in colonising the surface to
eventually form a thick covering that has negative economic
impacts such as increased fuel consumption for ships and
maintenance costs for harbours (Azis et al., 2003). At present
toxic paints containing metals such as copper, tin and zinc are
used to protect marine surfaces from fouling. Their accumula-
tion along shipping routes and harbours is causing detrimentalts reserved.
Fig. 1. Drawing of O. serrata—whole specimen and detail.
Fig. 2. Close-up view of a young portion of the thallus of O. serrata showing the
serrated edges from which the species derives it name.
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dolphins (Ponasik et al., 1998; Hellio et al., 2001; Katranitsas et
al., 2003; Islam and Tanaka, 2004). These cytotoxic compounds
also pose a direct risk to humans through contamination of the
marine food web (De Sousa et al., 1998; Horiguchi et al., 2002;
Bhosle et al., 2004). Organic biocides and “biocide-free” self-
polishing antifouling paints are being used as alternatives, but
also contaminate the aquatic environment with concerns for
potential ecological problems due to their toxicity (Konstanti-
nou and Albanis, 2004; Yebra et al., 2004; Löschau and Krätke,
2005). Bacteria in the biofilm of seaweeds produce antibiotic
compounds that prevent fouling organisms from settling and
growing (De Nys and Steinberg, 2002). The protective biofilm
layer of O. serrata was explored using stereo-light microscopy
and scanning electron microscopy (SEM).
2. Materials and methods
2.1. Isolation and identification of active compound from
O. serrata
Seaweed material was collected from Palm (30°59′30″S,
30°16′30″E) and Trafalgar Beaches (30°57′30″S, 30°18′00″E;
both 30 30 CD), KwaZulu-Natal, South Africa in June 2002.The samples were cleaned of epiphytes, air-dried in the shade
and stored in plastic bags for 3 days prior to being extracted.
In the isolation of the active compound from O. serrata, 1 kg
of air-dried material was homogenised with 5 L ethanol and
extracted for 1 week on a shaker at 21±1 °C. The extract was
filtered through Whatman No. 1 filter paper using a Buchner
funnel. It was then dried under reduced pressure at 40 °C and
stored under nitrogen at 0 °C. The seaweed material was re-
extracted with 5 L ethanol-ethyl acetate (1:1) for another week,
and again with 5 L ethyl acetate for another week. The
combined extracts were dried and stored as before. The ethyl
acetate soluble fraction was separated in a column
(5 cm×75 cm) packed with dry silica gel 60 (Merck) and
eluted with gradient steps of hexane and ethyl acetate (1.45 L
hexane, 1.15 L 8:2, 0.70 L 7:3, 0.90 L 1:1, 0.85 L 3:7 and 1.50 L
ethyl acetate). The activity of the fractions was determined by
bio-autography on silica gel thin-layer chromatography (TLC)
plates and developed with hexane–ethyl acetate (1:1). Once
dried, the TLC plates were sprayed with a spore suspension of
Alternaria alternata (obtained from the Plant Pathology
Department, University of Pretoria) in malt extract broth. The
plates were then incubated at 25 °C for 3 days. The active
fraction (light spots in a dark background of spores) was
separated further in another silica gel column eluted with
hexane–ethyl acetate (9:1). The active fractions were combined
and repeatedly separated in a Sephadex LH-20 column eluted
with ethanol to give pure compound.
The proton, carbon and two-dimensional NMR data for the
purified compound in CDCl3 was obtained at 300 MHz for the
proton and 75 MHz for the carbon spectra.
2.2. Antimicrobial activity of active compound from O. serrata
The first column in Table 1 shows the species of bacteria and
fungi that were used in the bioassays. Marine bacteria isolated
from the surface ofO. serrata were used in the bioassays, as well
as terrestrial bacteria and fungi of medical and/or economic
importance. The bacteria were grown for 24 h at 21±2 °C prior to
Table 1
Comparing the bacteriostatic and bactericidal results (mean of nine replicates) of
lanosol ethyl ether and copper(II) sulphate (CuSO4–bacteriostatic only) against
the growth of the test marine and terrestrial bacteria (±S.E.). The fungistatic and
fungicidal results for Alternaria alternata and Candida albicans are also shown.
(−)=Gram-negative, (+)=Gram-positive. Values are all in mg ml−1
Bacteria marine Bactericidal Bacteriostatic CuSO4
Halomonas halophila (−) 0.83±0.17 0.42±0.08 0.08±0.02
Halomonas marina (−) 0.83±0.17 0.27±0.13 0.13±0.01
Halomonas sp. 1. (−) 0.67±0.17 0.42±0.08 0.08±0.02
Halomonas sp. 2 (−) 0.67±0.17 0.29±0.11 0.15±0.06
Halomonas sp. 3 (−) 0.67±0.33 0.33±0.08 0.21±0.04
Marinococcus sp. (+) 1.00±0.00 0.04±0.01 0.21±0.04
Pseudomonas sp. 1 (−) 0.38±0.12 0.38±0.12 0.12±0.06
Pseudomonas sp. 2 (−) 1.00±0.00 0.42±0.08 0.05±0.01
Vibrio alginolyticus (−) 0.67±0.33 0.21±0.04 0.15±0.06
Vibrio harveyi (−) 0.83±0.17 0.25±0.12 0.12±0.06
OssB1 (mostly Gram −) 0.67±0.17 0.67±0.17 0.06±0.01
Mean 0.75±0.16 0.33±0.09 0.12±0.04
Terrestrial
Bacillus cereus (+) 0.67±0.17 0.10±0.02 0.29±0.11
Bacillus pumilus (+) 0.67±0.17 0.10±0.03 0.38±0.12
Bacillus subtilis (+) 1.00±0.00 0.15±0.06 0.29±0.11
Enterobacter cloacae (−) 1.00±0.00 0.21±0.04 0.50±0.01
Enterococcus faecalis (+) 0.67±0.17 0.33±0.08 0.11±0.02
Escherichia coli (−) 1.00±0.00 0.17±0.04 0.11±0.02
Klebsiella pneumoniae (−) 0.33±0.17 0.33±0.17 0.17±0.04
Pseudomonas aeruginosa (−) 0.42±0.08 0.42±0.08 0.04±0.02
Propionibacterium acnes (+) 0.50±0.29 0.08±0.02 0.14±0.06
Salmonella typhimurium (−) 0.67±0.33 0.21±0.04 0.11±0.02
Serratia marcescens (−) 0.37±0.07 0.37±0.07 0.25±0.01
Staphylococcus aureus (+) 0.67±0.33 0.19±0.03 0.33±0.08
Mean 0.66±0.14 0.22±0.06 0.23±0.05
Fungi Fungicidal Fungistatic CuSO4
Alternaria alternata 0.41±0.10 0.01±0.00 0.06±0.01
Candida albicans 0.67±0.17 0.29±0.11 0.19±0.03
Mean 0.54±0.14 0.15±0.6 0.13±0.02
Total mean 0.69±0.15 0.27±0.07 0.17±0.04
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marine brothmadewith 5 g soy peptone (Sigma), 1 g yeast extract
(Biolab, Midrand, South Africa) and 1 L filtered (0.45 μm pore
size) seawater. The pH of the medium was adjusted to 7.6 before
autoclaving. The other bacteria were grown in nutrient broth
supplied by Biolab, Midrand, South Africa and prepared
according to the manufacturer's instructions.
The method of Eloff (1999) was used to determine the
minimum inhibitory concentration (MIC) of the isolated
compound in a dilution series of 12 (from 25 to 0.01 mg
ml−1). The negative controls contained acetone (from 12.5% to
0.006% dilution series), and copper (II) sulphate (CuSO4·5H2-
O) was used as the positive control (from 1.25 to 0.0006 mg
ml−1). Overnight cultures of the bacteria were diluted 1:100
before used as inoculum. The marine isolates were incubated at
23±2 °C and the other bacteria at 37±2 °C for 24 h. MIC results
were ranked from no activity at 25 mg ml−1 (inhibition
index=1) to the highest activity at 0.4 mg ml−1 (inhibition
index=8). The data were then log-transformed and Student's t,
analysis of variance and Duncan's multiple range tests(α=0.01) were performed (French and Lindley, 2000; Gadsden
and Sparks, 2000; Rothery, 2000).
The A. alternata spores were suspended in malt extract broth
and their absorbances read at 660 nm (Ultrospec III) to ensure
consistent spore concentrations. Candida albicans (obtained
from the Department of Veterinary Tropical Diseases, Uni-
versity of Pretoria) was grown in nutrient broth and also diluted
1:100 before used as inoculum. These were incubated at 25±
2 °C for 72 h and 37±2 °C for 24 h, respectively.
The same plates were incubated for another week at 37±2 °C
during which time the active compound had oxidised to an
inactive form and allowed any viable bacteria and fungi in the
wells to grow. The average bactericidal MIC values were then
calculated from these plates (Eloff, 1999).
2.3. Preparation of samples for light and scanning electron
microscopy
Samples of O. serrata were collected in June 2002 from
Palm Beach, KwaZulu-Natal, South Africa (30°59′30″S,
30°16′30″E) and brought to the laboratory in a cooler box
and processed for SEM viewing the same day. For light
microscopy, some samples that had been stored at about 4 °C for
1 day were stained with crystal violet and others with
lactophenol cotton blue and viewed under a stereomicroscope.
The samples for SEM viewing were first exposed to OsO4
vapours for 24 h (McKeekin et al., 1979) before fixation in
glutaraldehyde (4% in sterile seawater) for 3 h. Standard
dehydrating procedures (performed at about 4 °C) were
followed using ethanol as the drying agent. The samples were
stored in 100% ethanol at about 4 °C before being critical point
dried and exposed to ruthenium vapour for 3 h (Van der Merwe
and Peacock, 1999). They were then mounted onto aluminium
stubs for viewing under a Jeol JSM-840 SEM with an
accelerating voltage of 5 kV.
2.4. TEM viewing of bacteria grown in the presence of
O. serrata extract
O. serrata extract in 50% acetone was incorporated into agar
growth medium at 25 mg ml−1 and the bacteria listed below
were inoculated onto the plates and incubated for 24 h. For the
controls, only a 50% solution of acetone was added to the
growth medium. Colonies that grew were suspended in drops of
seawater onto which copper grids were floated for 30 s. The
grids were then blotted and floated on drops of uranyl acetate
for 30 s. The grids were blotted again and dried for 10 min
before being viewed under a Philips 301 TEM.
The following potential human pathogenic bacteria were
used in the bioassays (obtained from the Medical Micro-
biology Department, University of Pretoria): Enterobacter
cloacae (Gram-positive (G+)), Escherichia coli (Gram-
negative (G−)), Pseudomonas aeruginosa (G−) and Serratia
marcescens (G−). The following marine bacteria were also
used: Halomonas sp. 1 (G−), H. marina (G−), OssB1 (G−) a
consortium of bacteria that resisted further isolation attempts,
and Vibrio harveyi (G−). The latter was isolated from beach
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while the rest from the surface of O. serrata.
3. Results and discussion
The yield of the compound from 1 kg dried O. serrata was
0.954 g (≈0.1% or 0.01%wet weight). Previous research showed
that the biological activity of O. serrata extracts remained
relatively constant with changing season (Barreto, 1999).
The proton NMR spectrum indicated that the compound
contained a substituted aromatic ring (δ 6.94). Two hydroxyl
groups were present on this aromatic ring (δ 5.99). It was
suspected that the compound was halogenated because such
compounds are commonly isolated from red algae (Fenical,
1975). Bromine was suspected of being covalently bonded to
the aromatic ring. The other proton peaks indicated a ethyl ether
group (δ 1.22 and 3.57). The peaks in the 13C spectrum also
pointed to a substituted to aromatic ring and an ethyl ether
group. The structure was confirmed by GC-MS analysis as
being lanosol ethyl ether (LEE) with a chemical formula of
C9H1003Br2 (MW=323.9, Fig. 3).
This is the first report of the presence of a lanosol derivative
in O. serrata. Simple brominated compounds such as these
have been isolated from other taxonomically diverse seaweed
such as the brown Fucus vesiculosis, and the reds Lenormandia
prolifera, Odonthalia corymbifera, Polisiphonia lanosa, and
Rhodomela larix (Katsui et al., 1967; Stoffelen et al., 1972;
Weinstein et al., 1975; Saenger et al., 1976; Pedersén et al.,
1979; Kurata et al., 1997). Lanosol has also been found in low
levels in fungi, but it is more common in the Rhodomelaceae
(Rhodophyta) particularly in the genera Halopithys, Polysi-
phonia, Odonthalia, Rhodomela and Osmundaria (Pedersén et
al., 1974; Demoulin, 1985; De Carvalho and Roque, 2004).
Weinstein et al. (1975) suggested that lanosol and its
derivatives (Fig. 3) are artefacts of the extraction procedure,
where the solvents water, methanol and ethanol, produce
lanosol, the methyl and ethyl ether forms, respectively. TheFig. 3. Chemical structures of lanosol and derivatives. 1= lanosol; 2= lanosol-1′-
methyl ether, 3= lanosol-1′-ethyl ether; 4= lanosol 1,4-disulfate ester.potassium sulphate salt of the compound (Fig. 3) is thought to
be constitutive in the seaweed (Weinstein et al., 1975).
Lanosol and its derivatives potently inhibited the feeding of
abalone, while the salt showed no activity (Kurata et al., 1997).
The salt is probably the inactive form stored in the seaweed and
is converted to lanosol upon injury. In addition, because lanosol
was isolated from seawater taken from the habitat of Polysi-
phonia brodiei, a seaweed that also produces lanosol (Pedersén
et al., 1974), we may infer that lanosol occurs naturally, but that
its methyl and ethyl derivatives are probably artefacts of the
extraction procedure. Kurata et al. (1997) found that lanosol, its
methyl and ethyl ether derivatives (Fig. 3) had feeding-deterrent
activities of 0.90, 0.87 and 0.78, respectively (electivity index
(Ei)) against young abalone (Haliotis discus hannai). The slight
decrease in activity was probably because lanosol is able to
penetrate cellular membranes more easily because it is slightly
more hydrophobic than the derivatives that are thus influenced
more by cell membranes. In addition, Glombitza et al. (1974)
found that lanosol had similar antimicrobial activities to other
bromophenols, which all have toxic bromine atom(s) and
benzene groups in common.
The mean bactericidal and fungicidal values (0.69±
0.15 mg ml−1, Table 1) were higher than the bacteriostatic
and fungistatic results (0.27±0.07 mg ml−1). This indicates
that LEE is more effective at slowing microbial growth than
killing them. Concentrations of about 0.20 mg g−1 wet weight
seaweed were found from whole plant extracts during the
isolation of LEE and are similar to the mean bacteriostatic and
fungistatic results.
A third of the bacteria viewed under the TEM showed no
differences between the control and the treatment, while the rest
showed varying degrees of glycocalyx production and cell
deformities (Fig. 4). In addition, A. alternata only sporulated on
media containing low concentrations of LEE, but in higher
concentrations of copper(II) sulphate (results not shown).
Lanosol probably has more than one function in O. serrata
and the other Rhodophytes in which it occurs. Pedersén et al.
(1979) wrote that brominated phenols in macroalgae are
involved in the continual sloughing off of the outer cell walls
(or cuticles) of macroalgae (Fig. 5). This is thought to help keep
the surfaces clear of epibiota (Steinberg et al., 1997).
McLachlan and Craigie (1966) suggested that brominated
phenols “regulate the occurrence and abundance of endo- and
epiphytes”. While Provasoli (1965, quoted in McLachlan and
Craigie, 1966) found that phenols (presumably halogenated
because they were produced by red algae) were necessary for
the normal growth and development of green algae in the genera
Ulva and Monostroma.
Lanosol, and its derivatives, has no effect on chitons (DeBusk
et al., 2000), but when a little LEE was tasted it produced an
intensely sharp painful sensation and then a numb feeling that
faded after about 10min. The numbnessmay have been due to the
body releasing analgesic endorphins in response to the chemical
pain stimulus (Swarm et al., 2001). Secondary compounds with
“broad bioactive effects” may also defend the macroalgae that
produces them frommicrobial pathogens (Hay, 1996). In the same
paper, Hay states that phenols havemultiple effects when released
Fig. 4. Transmission electron micrographs of the response of bacteria in response to an extract from O. serrata containing the toxin lanosol ethyl ether (left
control and right treatment). (a) Halomonas sp. 1, (b) OssB1 consortium of biofilm related bacteria isolated from O. serrata, (c) P. aeruginosa, (d) S.
marcescens. Note the deformed cell walls of Halomonas sp. 1 and OssB1, and an increase in cell size and formation of a protective slime layer in P. aeruginosa.
Scale bars=1 μm.
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Fig. 5. Scanning electron micrograph of the surface of O. serrata. Regions
where the cuticle had peeled off are evident in the upper portions devoid of
biofilm.
Fig. 7. Scanning electron micrograph of part of a complex biofilm community
growing near a meristematic tip of O. serrata. Micro-colonies of the diatom
Plagiogramma sp. growing with the remains of what resemble fungal hyphae.
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amount of light reaching primary producers) and chelating ions.
With such a multitude of functions, brominated phenols are
remarkable products of evolution.
The serrations that gave O. serrata its name can be seen on
young tissue, but are eventually completely worn down,
presumably by wave and sand action. The resulting wounds
are vulnerable and the higher concentrations of lanosol in the
tips of the plants would protect them from microbial attack. The
serrations on younger parts may also deter grazers and protect
the meristematic tips similarly to thorns and spines found in
land plants (Ingrouille, 1992). However, the seaweed tissue
thickens with age and this adds to its strength, but older parts of
the seaweed commonly have a thick covering of epiphytic algae
(e.g., Placophora binderi). Vlachos et al. (1999) found that the
meristematic tips of O. serrata thalli have higher antibacterial
activity than the rest of the plant, and this suggests a biofilm
regulating function of lanosol. However, to confirm, this furtherFig. 6. Scanning electron micrograph of near-complete lawns of bacteria found
growing near the meristematic tips of O. serrata. The irregular structure to the
right is the remnant of the extracellular polymeric substance in which the
microbes are embedded. Note the diversity of different cell shapes.work should be done to determine whether the active compound
exists in the tips at bactericidal concentrations because whole
plants were used in this study to obtain as much of the highly
labile active compound as possible.
Near-complete lawns of epiphytic bacterial cells, and even
diatoms, were found near a growing tip ofO. serrata (Figs. 6 and
7). This may be because biofilm tend to move downstream, i.e.,
toward the meristematic tips of the seaweed thallus (Sutherland,
2001). It is interesting that such a diversity of epibiotawas seen on
such young tissue when other workers have found the growing
tips of another red alga, Delisea pulchra, clean of epibiota
(Maximilien, 1995, quoted in Steinberg et al., 1997). It is likely
that exposing the seaweed samples to OsO4 vapours prior to
further processing for SEM viewing stabilised the biofilm on
younger tissue (McKeekin et al., 1979). Nonetheless, a great
diversity of epibiota on this seaweed was also evident from the
samples stained with lactophenol cotton blue and the patchy
appearance of those stained with crystal violet (Figs. 8 and 9).
The resistance of OssB1 to LEE confirms that bacteria in
biofilms (which are embedded in a protective extracellularFig. 8. Stereo-light micrograph of the surface of the red seaweed O. serrata
stained with lactophenol cotton blue. The dark structures are algal or fungal
micro-colonies. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Fig. 9. Stereo-light micrograph of the surface of the red seaweed O. serrata
stained with crystal violet. The mosaic of patches shows the complex nature of
the biofilm layer that lives on the surface of this seaweed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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than free planktonic forms (Marshall, 2000). De Nys and
Steinberg (2002) mention experiments where artificial bacterial
biofilms to control fouling on marine surfaces were made with
one bacterial isolate. However, these experiments had limited
success and this was probably due to the bacteria requiring
complex nutrients that are supplied by the seaweed and other
members of the biofilm. The biofilm community and the
seaweed are a whole unit and their dissection also dismantles
processes that enable the antifouling activity. Thus, an actively
growing seaweed layer, with its biofilm intact and which is
engineered to form a “skin”, may work better at protecting a
surface from fouling than a single bacterial isolate. Such a
“seaweed skin” would negate the use of toxic and polluting
metal-based paints that are currently used to protect surfaces in
marine environments. Some seaweeds have prostrate growth
habits and would thus be suited for such structures.
In conclusion, the active compound from O. serrata was
found to be a brominated phenol, lanosol ethyl ether, with good
bacteriostatic and fungistatic activity. It has lower bactericidal
and fungicidal activity, but causes deformities in bacterial cells.
A biofilm covering was found on the whole plant, including the
meristematic regions, but older parts of the plant were often
overgrown with epiphytic algae. It is suggested that actively
growing algae be engineered to protect surfaces in marine
environments from fouling.
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